The suitability of gravel wash mud (GWM), a sludge waste from gravel quarrying, is 6 examined for its use as a partial Ordinary Portland cement (OPC) clinker substitute. The gravel wash 7 mud was dried, milled into a fine powder and calcined at 750°C, 850°C and 950°C. In this study, various 8 characterisation methods including particle size distribution (PSD), X-ray fluorescence (XRF), X-ray 9 diffraction (XRD) and the simultaneous thermal analysis (STA) were applied on the calcined GWM 10 powders to determine the optimal calcination temperature. Over 200 specimens were prepared based on 11 different cement paste and mortar mixes to investigate the potential of calcined GWM powders as SCMs. 12
Introduction

19
The inevitable CO2 emissions related to cement manufacturing processes and its subsequent 20 environmental impacts have received considerable critical attention worldwide and have become one of 21 the key incentives for the development of environmental friendly and sustainable construction materials 22 [1] [2] [3] . Furthermore, the growing demand for binders, mortars and concrete products opposed to the 23 Gravel wash mud, a quarry waste material as supplementary cementitious material (SCM) Vishojit Bahadur Thapa, Danièle Waldmann, Claude Simon increasing scarcity of raw materials for cement clinker production has imperatively stimulated the 24 research on new binder technologies to assure the current and future demands for products based on 25 cementitious materials [4] [5] [6] [7] . Current trends in cement research have led to a large multitude of studies 26 that suggest the partial substitution of OPC by admixtures, known as supplementary cementitious 27 materials (SCM). Recent investigations and existing projects validate an important reduction of OPC 28 usage by incorporation of SCMs in cement mixes [8] and the improvements of the final products ' 29 properties in contrast to the detrimental deteriorations of conventional concrete of aesthetical, functional 30 or structural nature [9, 10] . The beneficial effects of partial substitution of OPC by various SCMs on the 31 packing of concrete mixtures, early hydration, mechanical performances and long-term durability have 32 been extensively examined and confirmed. These improvements of mixture properties and performances 33 due to addition of SCMs in cement-based mixtures can be attributed to three effects, which can occur 34 simultaneously as coexisting processes or at distinctive stages over time [11] [12] [13] : 35
A)
The chemical reaction: hydration of cementitious materials and pozzolanic reaction by formation 36 of additional hydration products supplementary to the hydrated clinker phases [14] [15] [16] [17] [18] [19] . 37
B)
The physiochemical impact: the finer particle size distribution of the added SCMs is correlated 38 to larger contact surface area of the small particles, which provides larger interfacial area for the 39 hydration reactions by performing as nucleation sites [20, 21] . 40
C)
The physical effect: packing effect, respectively filler effect, leads to formation of a more 41 effective and denser aggregate-cement paste matrix by filling the gaps between the cement 42 particles themselves and between the cement particles and the aggregates [12, 13, [22] [23] [24] [25] . 43
Despite their high potentials and efficacy as partial OPC substitutes, the most commonly used SCMs like 44 fly ash (FA) [26] , silica fume (SF), ground granulated blast furnace slag (GGBS) and metakaolin (MK) 45 are nowadays commercially available products and their prices have risen over the last decades due to 46 growing demand. Thus, valuable and reliable research studies have been carried out on potential 47
alternative SCMs and their performance as cement substitutes has been evaluated and studied mainly for 48 local markets. The use of locally available resources as SCMs shows a considerable economical potential 49 as short transport routes as well as very low to no competitive price variations can be expected. 50 Investigations on alternative SCMs using processed naturally occurring raw clay mixes and waste clay 54 products have increased worldwide. This paper focuses on the potential of a quarry waste material, 55 namely gravel wash mud (GWM), as SCM for partial substitution of OPC in cement-based mixes by 56 presenting a variety of selected investigations including different material characterisation analyses and 57 performance-based experimental tests. The main objective is to suggest an optimal OPC replacement 58 level and to evaluate the mechanical performance of the novel cement-based products. Large series of 59 mixtures were prepared, which consist of different cement paste and mortar mixes containing GWM 60 powders calcined at 750°C, 850°C and 950°C. 61
The physical and chemical properties as well as the mineralogy of the GWM powders were evaluated 62 using laser diffraction granulometry, the BET method, the X-ray fluorescence analysis, the quantitative 63 X-ray diffraction analysis and the simultaneous thermal analysis (STA), which combines 64 thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Furthermore, the 65 hardened specimens were analysed using compressive strength tests combined with performance-based 66 evaluation methods, thermal analysis and scanning electron microscopy. The outcome of this study will 67 enrich the investigations on waste materials as efficient alternative SCMs for OPC supplementation. 68
Finally, the double benefit for society and industries consists of revalorizing an industrial waste product 69 as SCM in cement mixes in an economically attractive and environmentally friendly way. The mixing procedure was kept constant for all the series of binder and mortar mixes, respectively. The 103 quantities of Portland cement and calcined GWM powder were shortly dry-mixed at a mixing speed of 104 125 rpm. While keeping the same mixing speed, the water is gradually added and the compound is mixed 105 for 180 seconds, followed by a final mixing at 250 rpm for 90 seconds. For the mortar mixes, the sand 106 aggregates were added after the binder compound was mixed for 180 seconds, followed by mixing at 107 125 rpm and 250 rpm for another 90 seconds each. The specimens were cast in prismatic moulds (40 x 108 40 x 160 mm 3 according to EN 196-1 [48]) and compacted for 7 seconds on a vibrating table. After 109 casting, the moulds were covered with plastic plates (5 mm thick) to prevent rapid loss of moisture and 110 after 24 hours, the specimens were demoulded, wrapped in cellophane foil and cured at ambient 111 temperature until 24 hours before the uniaxial compression tests according to [48] . The laser diffraction method was used to determine the particle size distribution of the UGWM, CGWM 116 (750°C, 850°C and 950°C) and OPC powders. A modular particle size analyser (HELOS-RODOS-117 VIBRI, Sympatec GmbH, Germany) was utilised to measure the powder samples by dry powder 118 dispersion using Fraunhofer diffraction theory [41] to compute the PSD from the diffraction patterns. 119
The characterisation of the specific surface area was performed on UGWM and OPC powders (two 120 samples each) using the BET nitrogen gas adsorption method [42] according to ISO 9277:2010 [43], an 121 extended method of the Langmuir monolayer molecular adsorption [44] to multiple molecular layers. 122
The chemical composition of the powder samples was determined by X-ray fluorescence method using 123 a wavelength dispersive X-ray fluorescence (WDXRF) spectrometer (S8 TIGER, Bruker AXS GmbH, 124
Germany). The test specimens were prepared by pelletisation of the samples in a ring using the pressed 125 powder technique. 126
The crystalline structure was investigated by quantitative X-ray diffraction analysis using a powder X-127 ray diffractometer using Cu-Kα radiation (D4 ENDEAVOR, Bruker AXS GmbH, Germany). The 128 crystalline phases present in the GWM powders were identified by their characteristic d-spacings and 129 intensities using the XRD software DIFFRAC.EVA (Bruker AXS GmbH, Germany). The X-ray 130 diffraction patterns were processed using the program TOPAS (Bruker Corporation) using the 131 fundamental parameter approach for line profile fitting [49] and the powder diffractograms were refined 132 by the Rietveld method [50] after the crystalline phases were described using appropriate structural data 133 from ICSD database. 134 Furthermore, the accurate and direct detection of non-crystalline matter in a powder sample is not 135 possible with X-ray powder diffraction analysis, as those phases do not generate characteristic reflections 136 peaks (X-ray amorphous). However, due to the likeliness of the presence of non-crystalline content 137 (amorphous phases) in the GWM powders, its amorphous quantity is computed using quartz at 35% as 138 an internal reference [64]. This procedure of quantitative phase analysis of amorphous content assumes 139 that the internal reference quartz homogenously distributed within all powder samples, a narrow particle 140 size distribution of all phases is ensured and a random orientation of the crystallites is assured to reduce 141 preferred orientation effects [51, 64] . With the known amount of the internal reference Wref and its 142 amount from the quantitative analysis Wq, the percentage of the amorphous content, Wamorphous, can be 143 calculated as followed, adjusted from [51, 64]: 144
Once the amorphous content is determined and with consideration of the known quantity of the internal 146 reference, the sum of all phases is normalized to 100%. 147
Simultaneous thermal analyses (STA), a combination of thermogravimetric analysis (TGA) and 148 differential scanning calorimetry (DSC), were performed on the GWM powder and the hardened cement- In addition, a modified method is suggested for the determination of the level of pozzolanic reactivity of 165 the calcined GWM powders. The proposed relative strength index (RSI) is based on the same principal 166 as the strength activity index (SAI) using the ratio of the compressive strength of samples containing the 167 test pozzolan to the performance of a reference/control mixture as indicator for pozzolanic reactivity. 168 However, the RSI method follows the hypothesis that if a tested material would not show any pozzolanic 169 activity, neither any positive packing contribution nor reactivity to the cement matrix, then the expected 170 loss in strength would be expected to be directly proportional to the substitution degree or higher. The 171 RSP evaluation method directly provides information about the relative strength loss or gain of the 172 pozzolanic material to a certain OPC substitution degree. The first step of the proposed evaluation 173 (Figure 1) is to calculate the real potential (RP) which represents the ratio between the compressive 174 strength of the specimens containing the test pozzolan and the control mixture. In case, the ratio is equal 175 or above 100%, a net gain in strength was achieved from the substitution of OPC by calcined GWM 176 powders. However, if RP value is below 100%, the consideration of the relative strength index (RSI), 177 which is calculated by Eq. (1), provides an indication whether a relative strength gain, respectively loss 178 occurred: 179
where RSI is the relative strength index, RP is the real potential (%), representing the ratio between the 181 compressive strength of the specimens containing the test pozzolan and the control mixture, and S is the 182 substitution degree of OPC by the SCM (%). powders present a very fine granulometry within a grain size range (d10-d90) from 1 to 35 μm with a 199 mean particle size (d50) around 7-9 μm depending on the applied calcination temperature. CGWM 200 powders at 850°C and 950°C have a slightly coarser distribution than UGWM and CGWM at 750°C due 201 to the compaction of the minerals at high temperatures as a result of the sintering effect of clay particles 202 [58, 59] . The OPC powder showed a specific surface area and a mean particle size of 436.50 m 2 /kg and 203 11.58 μm, respectively. The aluminosilicate precursor UGWM showed a specific surface area of 204 522.49 m 2 /kg with a mean particle size of 7.36 μm, whereas those for the CGWM powders, calcined at 205 750°C, 850°C and 950°C were 524.99 m 2 /kg, 476.03 m 2 /kg, 426.50 m 2 /kg and 7.36 μm, 8.61 μm, 206 9.98 μm, respectively. The investigated CGWM powders show a finer grain size distribution than the 207 investigated cement powder, which forecasts an enhanced packing density of the mixes, already at small 208 OPC substitution levels. 209
The chemical analysis ( 3.1.2 X-ray diffraction (XRD) analysis a simultaneous thermal analysis (STA or TG-DSC) 218 Figure 3 illustrates the X-ray diffraction pattern of UGWM and the analysis reveals the presence of 219 amorphous material, quartz, muscovite, illite, kaolinite, hematite and KAl3Si3O11 in the GWM-based 220 powders [40] . The quantitative analysis (Table 3) , which was carried out based on the method described 221
in [64] , shows that the main crystalline phases identified were quartz, muscovite, followed by illite and 222 kaolinite as clay minerals, hematite and the amorphous portions. The increase of the calcination 223 temperature led to the transformation of the clay minerals into XRD amorphous phases. Two 224 dehydroxylation phases can be pointed out with kaolinite entirely transformed to metakaolinite at 225 temperatures below 750°C, whereas illite shifts towards amorphous phases above 850°C [40] . In addition, 226 the quantity of muscovite is reduced above 750°C into a crystalline meta-phase, namely KAl3Si3O11. 227 Each compressive strength value represents the mean compressive strengths out of three valid specimen 252 tests. All tested specimens showed a similar evolution of strength with a gain in compressive strength 253 with increasing curing days. The progress of hydration of the cement clinker phases led to the formation 254 of compact calcium silicate hydrates over the first days and months. With increasing curing ages, an 255 additional increase in strength is considered for specimens containing CGWM powders due to the 256 development of further reaction products from pozzolanic reaction. For example, an increase of 7.2 MPa 257 from 28 days to 56 days of curing was observed for CG_850_15 compared to an increase of 3.5 MPa for 258 the reference specimen over the same curing period. Moreover, an increase of the OPC replacement level 259 by the CGWM powders, regardless the calcination temperature, did not result in a proportional loss in 260 strength of the hardened specimens after 28 resp. 56 days. Except at 7 days of curing, where a continuous 261 loss of performance is observable with increasing quantity of CGWM powder. This phenomenon at early 262 curing age can be related to the low reactivity of the CGWM powder and the fixed w/b ratio, which rather 263 builds a physical obstruction for the clinker hydration reactions in the cement matrix than an 264 enhancement due to pozzolanic reaction or better packing of the constituents. The development of the 265 compressive strength at higher curing ages at 28 days and 56 days does not indicate a clear decline in 266 compressive strength with increasing OPC substitution degrees. This suggests the formation of additional 267 hydration products due to reactions between the CGWM powders and OPC, which is a strong indication 268 for pozzolanic reaction. Furthermore, only the specimens containing GWM calcined at 750°C and 850°C 269 The direct comparison of absolute compressive strength is not sufficient to assess the pozzolanicity of 298 CGWM at different calcination temperatures as well as the potential of the OPC substitution. Therefore, 299 the strength activity index (SAI) method and the relative strength index (RSI) method are applied to 300 determine the optimal calcination temperature and the efficient OPC substitution degrees. 301
The chemical composition of the CGWM powders fulfils the physiochemical requirements on calcined 302 natural pozzolan according to specification in ASTM 618 [67] for usage as Portland cement admixtures. 303
The SAI were computed according to the test methods described in ASTM 311[68] for hardened cement 304 paste specimens containing CGWM powders (750°C, 850°C and 950°C) at the specified OPC 305 replacement level of 20 wt.% (Figure 9) . The dashed line at 75% represents the minimal SAI according 306 to [68] on physical requirement on calcined natural pozzolans after 7 or 28 days of curing age. This 307 assessment enables to evaluate if the test pozzolan reaches an acceptable level of strength development 308 in a cement-based mixture, irrespective of whether the enhancement is from cementitious and/or 309 pozzolanic nature. 310
The strength activity indices of the evaluated cement pastes were above the requirement limit of 75 % at 311 all curing ages. The specimens containing GWM powders calcined at 850°C achieved the highest SAI of 312 81.8 %, 88.9 % and 90.5 % at 7, 28 and 56 days, respectively. The evaluation of the SAI confirms the 313 potential of the CGWM powders for strength developing properties as pozzolanic materials and indicates 314 that the optimal calcination temperature of the GWM powders is 850°C. However, the OPC replacement 315 level of 20 wt.% should be considered as a fixed evaluation parameter according to ASTM 311 [68] 316 rather than the recommended substitution amount of the test pozzolan. Therefore, the SAI method is 317 extended to all tested cement paste specimens for all investigated calcination temperatures, substitution 318 degrees and curing ages (Figure 10-12) . The examination of the indices reveals that the strength 319 enhancement of specimens at OPC replacement level of 5 wt.% using GWM powders calcined at 850°C 320 and 950°C was led by the filler effect [12, 13] . All samples with OPC substitution degrees from 5 wt.% 321 up to 20 wt.% fulfilled the minimal SAI requirements according to [61] for all investigated curing ages. 322
At curing age of 7 days (Figure 10) , the specimens with a OPC replacement level above 25 wt.% did not 323 fulfil the minimal requirement, probably related to the dilution effect with increasing pozzolan content 324 which leads to an increased dispersion of cement particles and hence to a lower hydraulic reactivity. 325 Figure 14 shows the results of STA of CG_850_20. The TGA curve (green) shows a total mass 356 reduction of 21.83%, which can be divided in three stages: The first mass loss of 9.63% from room 357 temperature up to 250°C occurs due to the heating of the clay minerals, leading to the evaporation of 358 capillary pore water, interlayer water and absorbed water of the CSH phases in the system. The second 359 mass loss of 4.66% is related to the dehydration of calcium hydroxide (Portlandite). The third loss in 360 mass of 7.54% from around 600°C up to 750°C can be attributed to the decarbonation of calcium 361 carbonate (CaCO3) in the binder system. Furthermore, the CaCO3 carbonate results from the carbonation 362 reaction of free Portlandite with CO2 from air as no calcium carbonate was added in the initial mixture. 363
The DSC curve approves the findings of the TG analysis and presents three ranges with endothermic 364 peaks. The first peaks around 100°C and 150°C represents the dehydration process of the different 365 hydration products and aluminosilicate minerals due to the evaporation of capillary pore water. The is homogenous and less porous than for specimens with higher substitution degrees due to a better 383 packing of its constituents (filler effect) and a higher degree of cement hydration (Figure 15c) . The 384 microstructural analysis of the different samples verify that a compact microstructural composition 385 between the aluminosilicate-rich compounds and the cement-based products was established. This bond 386 suggests the development of pozzolanic reactions between the calcined GWM powders and OPC. 387 In the present study, gravel wash mud (GWM) powder, an aluminosilicate prime material, derived from 392 a waste sludge from gravel quarrying and after undergoing a calcination process, was evaluated as a 393 novel supplementary cementitious material. From the findings of the different investigations, the 394 following conclusions can be drawn: 395  The studied GWM powders are fine aluminosilicate-rich materials with a mean particle size 396 around 7-9 μm depending on the applied calcination temperature. The mineralogy is mainly 397 composed of quartz, illite and kaolinite as clay minerals, muscovite, hematite and a high 398 amorphous portion. 399  The evaluation of the mineralogy in combination with the STA analysis indicates that the increase 400 of the calcination temperature led to the transfer of the clay phases into reactive hydrous and 401 amorphous phases and therefore suggests the optimum calcination temperature for the GWM 402 powders to be ranged above 750°C. 403 
